Magnetic properties of nanocrystalline LaCoO 3 with particle size of 25, 30, 32, and 38 nm, prepared by the citrate method, were investigated in temperature range 2-320 K, magnetic field up to 50 kOe, and under hydrostatic pressure up to 11 kbar. All nanoparticles exhibit weak ferromagnetism below T C Ϸ 85 K, in agreement with recent observation on LaCoO 3 particles and tensile thin films. It was found that with decreasing particle size, i.e., with increasing the surface to volume ratio, the unit-cell volume increases monotonically due to the surface effect. The ferromagnetic moment increases as well, simultaneously with lattice expansion, whereas T C remains nearly unchanged. On the other hand, an applied hydrostatic pressure suppresses strongly the ferromagnetic phase leading to its full disappearance at 10 kbar, while the T C does not change visibly under pressure. It appears that the ferromagnetism in LaCoO 3 nanoparticles is controlled by the unit-cell volume. This clear correlation suggests that the nature of ferromagnetic ground state of LaCoO 3 is likely related to orbitally ordered Jahn-Teller active Co 3+ ions with intermediate-spin ͑IS͒ state, which may persist in the expanded lattice at low temperatures. A robust orbital order presumed among the IS Co 3+ species can explain the very stable T C observed for LaCoO 3 samples prepared under different conditions: single crystal powders, nanoparticles, and thin films.
I. INTRODUCTION
LaCoO 3 -based perovskites have attracted recently much attention primarily due to their unique feature to change the Co 3+ spin state. The additional spin degree of freedom in cobaltites leads to unusual physical properties as compared to those exhibited by manganese perovskites. The spin state of LaCoO 3 evolves with increasing temperature from the nonmagnetic low-spin ͑LS͒ state ͑t 2g 6 e g 0 ; S =0͒ to an intermediate-spin ͑IS͒ state ͑t 2g 5 e g 1 ; S =1͒ at around 100 K and then to a mixture of IS and high-spin ͑HS͒ ͑t 2g 4 e g 2 ; S =2͒ states above 300 K. [1] [2] [3] [4] [5] This spin-state evolution reflects a redistribution of electrons between the t 2g and e g levels resulting from a competition between the crystal-field splitting ⌬ cf and the intra-atomic ͑Hund͒ exchange interaction J ex . For LaCoO 3 , the value of ⌬ cf equal to 1.93 eV was estimated by local density approximation ͑LDA͒ calculations, 6 the results of spectroscopic study indicate that this value in oxides and fluorides may be larger than 1.5 eV ͑Ref. 7͒. Since ⌬ cf is very sensitive to the variation in the Co-O bond length d Co-O ͑⌬ cf ϳ d Co-O −5 ͒, the subtle balance between ⌬ cf and J ex can be easily changed by hole-doping and chemical or external pressure. 2, 5, [8] [9] [10] An applied pressure leads to the insulating nonmagnetic LS state because ⌬ cf strongly increases with contraction of the CoO 6 volume, causing depopulation of the excited magnetic e g level. Moreover, pressure favors the IS to LS transformation since the ionic radius of LS Co 3+ ͑0.545 Å͒ is smaller than that of IS Co 3+ ͑0.56 Å͒. 3 An existence of the IS state with partially filled e g level, which therefore is a Jahn-Teller ͑JT͒ active state, was first proposed theoretically 6, 11 and then confirmed for LaCoO 3 by numerous experimental studies. [3] [4] [5] [8] [9] [10] [12] [13] [14] Especially, the existence of IS state was proved by the observation of longrange e g orbital ordering induced by a JT cooperative distortion, with high-resolution x-ray diffraction, 12 Raman scattering, 13 and more recently neutron diffraction.
14 Namely, a monoclinic distorted structure I2 / a instead of rhombohedral symmetry R3c was found, which is compatible only with e g orbital order involving the alternating short and long Co-O bonds within the ab plane. 12 The behavior is very similar to that well known in classical JT system of LaMnO 3 where the e g orbital polarization of JT Mn 3+ ions leads to an A-type antiferromagnetic ͑AFM͒ ordering below 140 K. 15 Recently, the LS to IS state transition around 80 K was evidenced by direct measurements of the Co 3+ spin state with the electron energy-loss spectroscopy. 16 Nevertheless, the nature of coexisting spin states in LaCoO 3 still remains debatable, and existence of a mixture of LS and HS states instead of the IS state above 100 K was recently proposed basing on x-ray absorption spectroscopy and magnetic circular dichroism studies. 17 Although the nonmagnetic LS ground state has been adequately proved for bulk LaCoO 3 , recently a puzzling ferromagnetism with T C Ϸ 85 K strongly dependent on the sample surface morphology was observed by Yan et al. 18 The ferromagnetic ͑FM͒ moment at 5 K being very small in single crystals was found to magnify extensively when single crystals were crushed to powder and then pressed into pellet. Thus, Yan et al. 18 obtained a clear evidence for the crucial surface effect on magnetism of LaCoO 3 . They suggested that the FM coupling between the surface Co 3+ ions, having spin state higher than those of bulk ions, is responsible for "sur-face ferromagnetism." The idea of the surface ferromagnetism was further supported by Harada et al. 19 who showed that the spontaneous magnetization at 5 K is inversely proportional to the particle radius for LaCoO 3 particles with radius ranging between 60 nm and 1.6 m. At the same time, Fuchs et al. 20 reported rather surprising results concerning the nature of ferromagnetism induced by tensile strain in epitaxial LaCoO 3 thin films. While polycrystalline unstrained films remain paramagnetic up to the lowest temperature, the tensile films with lattice expanded by about 2% show an appreciable ferromagnetism below 85 K. Moreover, it was found that the FM moment increases linearly with thickness of film. These results, in contrast to the previous studies, 18, 19 imply that ferromagnetism extends over the total volume of film and is not simply restricted to the surface, and suggest an existence of the FM coupled Co 3+ species, which reside in the IS state down to low temperatures due to the expanded Co-O bonds.
A quite different interpretation of LaCoO 3 magnetism has been proposed by Giblin et al. 21 who argued that the FM-like behavior at low temperatures is attributed to a formation of magnetic excitons near the oxygen vacancies.
Therefore, according to the recent studies, ferromagnetism of LaCoO 3 is still the subject of controversy. Especially, the issue of whether exchange interactions involve mainly Co 3+ ions at the surface or in the bulk is under discussion. In order to clarify the intriguing origin of the FM state, we performed the x-ray and magnetization measurements for LaCoO 3 nanoparticles with different size, focusing on the interplay between their structure and magnetic properties. We found that by increasing the surface/volume ratio, the lattice parameters of LaCoO 3 nanoparticles expand distinctly due to a surface effect, and FM moment increases simultaneously. The observed correlation between FM phase and lattice parameters agrees well with the appearance of FM state in expanded lattice of tensile films, 20 giving support that ferromagnetism of LaCoO 3 results from the IS state induced by an expansion of the unit-cell and/or Co-O bonds. In order to examine the role of the IS state, we performed additional magnetization measurements under pressure, bearing in mind that an applied pressure is able to convert the Co 3+ spin-state from magnetic IS to nonmagnetic LS state by compressing the Co-O bond. In fact, a strong suppression of FM phase under pressure was observed, giving evidence that ferromagnetism in LaCoO 3 is attributed to ferromagnetically coupled IS Co 3+ ions, which appear/disappear with expanding/ compressing the lattice and/or Co-O bonds.
II. EXPERIMENT
The nanocrystalline LaCoO 3 particles were prepared by well known citrate method. 22 and evaporated from open glass under stirring at 70°C for 4 h until gel was formed. Evaporation was prolonged in vacuum at room temperature for 4 h and at 70°C overnight. Then the powder in low layer was dried at 100°C for 24 h, heated with rate 1°C / min to desired temperatures ͑600, 700, 800, and 900°C͒, and calcined at these temperatures for 8 h to get a series of LaCoO 3 nanocrystalline powder with varying grain sizes.
The La and Co contents were estimated by energydispersive x-ray spectroscopy ͑EDX͒ analysis with a JEOL JEM 5600 scanning electron microscope ͑SEM͒ as an average of 10 measurements at different points of the sample. The x-ray powder diffraction patterns were collected on Huber Imaging Plate Guinier camera G670 installed on an Ultrax-18 Rigaku x-ray rotating Cu anode source, with a focused monochromator ͑focal length B = 360 mm͒ on incident beam providing pure K ␣1 radiation. The data were collected during 60 min at 40 kV and 90 mA. The 2 range of the imaging plate was 0 -100°. Transmission electron microscopy ͑TEM͒ was carried out on a JEOL FasTEM-2010 electron microscope operating at 200 kV.
Cylinder-shape samples having a diameter of 1 mm and height of 4 mm were used for the measurements of the magnetization under hydrostatic pressure. The samples were prepared by compaction of nanoparticle powder under 15 kbar pressure applied at room temperature. The measurements, using PAR ͑Model 4500͒ vibrating sample magnetometer, were performed in the temperature range 5-290 K and magnetic fields up to 15 kOe. A miniature container of CuBe with an inside diameter of 1.4 mm was used as a pressure cell, 23 and the silicon oil was used as a pressure-transmitting medium. The pressure at low temperatures was determined by the known pressure dependence of the superconducting transition temperature of pure tin, placed near the investigated sample. Additional measurements of ac susceptibility at various frequencies in the temperature range 5-320 K, as well as the measurements of magnetization in high magnetic field up to 50 kOe, were performed using the ACMS option of the Physical Property Measurement System of Quantum Design.
III. RESULTS AND DISCUSSION
The powders prepared by the technique described above were analyzed by x-ray powder diffraction ͑XRD͒ and transmission electron microscopy ͑TEM͒. The XRD pattern of sample annealed at 500°C ͑before calcination͒ exhibited the mixture of the fine-grained cobalt oxide ͑Co 3 O 4 ͒ and perovskite phase. During following calcinations the peaks of oxide phase have disappeared, and the diffraction spectra showed the LaCoO 3 perovskite phase only ͓see Fig. 1͑a͔͒ . The crystal structure of this phase was identified in rhombohedral system of R3c space group ͑no. 167͒ using hexagonal axes. In order to refine the lattice parameters and crystal structure, the Rietveld method was employed using FullProf-2K package. 24 The profile of the diffraction line was fitted using a pseudoVoigt function, and the background was modeled for 13-15 measured background points and linearly interpolated for intermediate values. The atomic site positions compatible with R3c space group are La ͑0, 0, 0.25͒ in 6a, Co ͑0, 0, 0͒ in 6b, and O ͑x, 0, 0.25͒ in 18e, where x Ϸ 0.45. According to EDX data the La/Co atomic ratio is close to 1, and their atomic sites were considered as fully occupied. The oxygen atom occupancy was refined with less accuracy because of diffraction peak broadening, nevertheless, the approximate value of oxygen content 2.95Ϯ 0.05, as determined by EDX analysis, was found close to the stoichiometric value. The thermal parameters ͑B͒ of La and Co atoms were initially zeroed and then subsequently refined. The thermal parameter of oxygen was fixed to 2. All the results obtained are presented in Table  I . The fit for LaCoO 3 nanoparticles of 32 nm is shown in Fig.  1͑b͒ .
The average crystallite size of the rhombohedral LaCoO 3 was calculated using Debye-Scherrer expression ͗D͘ = 0.9 / b cos for the ͑024͒ reflection, where = 1.54059 Å for the CuK ␣1 line, b is the full width at half maximum of the x-ray diffraction peak, and is the corresponding Bragg angle. It was found that ͗D͘ = 25, 30, 32, and 38 nm for samples annealed at 600, 700, 800, and 900°C, respectively. The error in the x-ray determination of the average particle size does not exceed Ϯ1 nm. The TEM bright field image of 25 nm sample shows almost spherical nanoparticles with diameter about 30 nm ͓Fig. 2͑a͔͒. From the TEM picture we get for all of the samples approximately by 5-7 nm larger size for single isolated nanoparticle. The additional broadening of the XRD profile leading to smaller crystallite size can be caused by structural defects of the nanoparticles ͑like twins or stacking faults͒. The example of such defect is presented on high-resolution image of single isolated nanoparticle ͓Fig. 2͑b͔͒. A similar effect for larger size of nanoparticles evaluated from TEM picture was reported by Rao et al. 25 The electron diffraction indicates the single crystalline nature of each separated particle.
The most prominent feature revealed from XRD for LaCoO 3 nanoparticles is that the lattice parameters increase with reduction of particle size resulting in noticeable expansion of the unit cell, shown in Fig. 3 . The size-induced changes are attributed to the surface effect evidenced by the nearly linear dependence of unit cell volume on surface/ volume ratio presented in the inset to Fig. 3͑b͒ . The cell volume enlarges by ϳ0.5% when the inverse-value of particle size 1 / ͗D͘, which is proportional to the surface/volume ratio, increases by factor of two. It appears that the surfacetension-like forces lead to a lattice expansion that is inherent for covalent crystals resembling the LaCoO 3 . An expansion of the unit cell with reduction in particle size has been observed in a number of partially covalent oxides with perovskite structure 26 and for nanoparticles of FM La 0.8 Sr 0.2 MnO 3 manganite with a size of nanoparticles below 50 nm. 27 In addition, an expanded lattice parameters in respect to the bulk material were reported very recently for 33 nm particles of LaCoO 3 . 28 A possible mechanism of surface effect discussed in Refs. 26 and 27 suggests that the broken bonds at the surface, namely, the unpaired electronic orbitals at the surface, repel each other and result in larger values of equilibrium lattice parameters as compared to the bulk crystal. It is important to note that the enlarged lattice parameters are attributed to the overall particle volume, not to the surface only. As we will show later on, this surface-induced expansion of lattice leads to an extreme modification of the magnetic ground state of LaCoO 3 nanoparticles in compliance with the universal feature of cobaltites to change the Co 3+ spin-state with variation of Co-O bond length.
In addition, the average Co-O bond lengths were refined from XRD data, presented in Table I . It is clearly visible that average Co-O bond length expands with particle downsizing, approximately for 0.145% when particle size changes from 38 to 25 nm. Assuming that the CoO 6 octahedron is a ball, these changes correspond to increase in CoO 6 volume by 0.43%. This is in fairly good agreement with observed enlarging of unit cell volume ͑ϳ0.5%͒ in our nanoparticles. It appears that the unit cell expands mainly for account of increase in CoO 6 volume, and only small contribution is from rotation of CoO 6 octahedra. Since the Co-O bond is an important parameter controlling the crystal-field splitting e g − t 2g and consequently the spin state in LaCoO 3 , the observed Co-O bond expansion provide a direct evidence for increase in concentration of higher spin states with particle downsizing. The expansion of Co-O bond by 0.0028 Å observed with decreasing particle size from 38 to 25 nm is comparable in value to that ͑ϳ0.009 Å͒ observed by Radaelli et al. 3 by neutron diffraction for bulk LaCoO 3 with increasing temperature from 5 to 300 K. It is clear from this comparison that sufficiently large amount of exited IS states may remain in LaCoO 3 nanoparticles at low temperatures. Figure 4 presents the temperature dependence of the inphase component of ac susceptibility, Ј, for 25 nm and 32 nm LaCoO 3 samples measured at probing field of 10 Oe for different frequencies. Both samples exhibit a rise in susceptibility below the same temperature of 85 K at which the onset of ferromagnetism has been observed in LaCoO 3 samples with different surface morphology: single-crystal powders, 18 nanoparticles, 19, 28, 29 and tensile films. 20 A wide magnetic transition and apparent frequency dependence of Ј at low temperatures are not compatible with the behavior of conventional ferromagnet; rather such a behavior is reminiscent of cluster glass, in compliance with a glass-like behavior reported previously for LaCoO 3 nanoparticles. 28, 29 While the 25 nm particles exhibit a single ferromagnetic transition at 85 K, an additional magnetic transition is clearly seen for the 32 nm particles at T ϳ 280 K, leading to a small ferromagnetic moment evidenced at 200 K by hysteresis loop of magnetization ͓see inset of Fig. 4͑b͔͒ . The latter one is not an intrinsic property for LaCoO 3 structure and most probably is associated with noncollinear AFM ordering of the CoO phase, 30 a tiny amount of which may appear in the LaCoO 3 nanoparticles prepared by citrate method. 31 It was found that due to the increase in oxygen mobility at the surface with increasing the calcination temperature, LaCoO 3 nanopar- ticles desorb some amount of oxygen in the temperature range between 720 and 880°C ͑with the maximum of desorption around 840°C͒, and this leads to an occurrence of the CoO layers on the particle surface, as observed in XRD. 31 Magnetic characteristics of our nanoparticles reproduce accurately the picture described in Ref. 31 . This demonstrates Fig. 4 and temperature dependence of magnetization at 1 kOe presented in Fig. 5 : ͑i͒ the 25 nm particles calcined at 600°C show no content of parasitic CoO phase; ͑ii͒ the 30 nm particles ͑700°C͒ contain a little amount of CoO; ͑iii͒ both 32 nm ͑800°C͒ and 38 nm ͑900°C͒ particle samples contain a similar amount of CoO, which is larger than that of the sample with 30 nm particles. Since the granular CoO films show at 250 K in a field of 1 kOe a saturated magnetization of 60 emu/g, 30 we estimated that our 30, 32, and 38 nm particles, having magnetization ϳ0.05 emu/ g at 200 K and at 1 kOe, contain less than 0.1% of CoO. This amount is not large enough to be detectable in our XRD. Hereafter, comparing the size-dependent ferromagnetic moment of our nanoparticles, we shall subtract the CoO contribution.
The change of magnetization measured in field cooling ͑FC͒ regime at 1 kOe between 100 and 8 K, ⌬M = ͓M 8 K − M 100 K ͔, ͑see Fig. 5͒ is intimately correlated with the FM moment emerging below T C Ϸ 85 K. As expected, the FM moment increases with decreasing particle size, displaying a linear dependence on inverse value of size 1 / ͗D͘, shown in the upper inset of Fig. 5 . Such a behavior is in line with that reported for LaCoO 3 particles larger than 120 nm by Harada et al., 19 who related this behavior to "surface ferromagnetism." Indeed, a linear increase in ⌬M with increase in 1 / ͗D͘ reflects the increased role of the surface since the surface/volume ratio ϳ1 / ͗D͘. Additionally, we point out that the unit cell of LaCoO 3 nanoparticles expands proportionally to the increase in 1 / ͗D͘ as well ͓see inset of Fig. 3͑b͔͒ . For this reason, the FM moment appears to increase nearly linearly with the increase in unit-cell volume, as shown in the lower inset of Fig. 5 . We suggest therefore that the source of the size-dependent ferromagnetism in LaCoO 3 is in fact the surface-induced lattice expansion, which naturally leads to an increase in population of magnetic IS state due to stretching the Co-O bond length. The proposed expansion-driven origin of FM ground state in LaCoO 3 nanoparticles well agrees with recently observed ferromagnetism in the artificially expanded epitaxial LaCoO 3 thin films. 20 Figure 6 presents the temperature dependence of the magnetization of 25 nm and 32 nm particles measured at a field of 50 kOe upon cooling. Their FM state at 2 K is verified by the magnetization hysteresis loop, see inset to Fig. 6 . At high temperatures the magnetization of 32 nm particle sample is slightly higher than that of 25 nm presumably due to the contribution of a tiny amount ͑ϳ0.1%͒ parasitic CoO phase. Below T C = 85 K the magnetization of 25 nm sample exhibits an enhancement of FM phase with particle downsizing. For the 25 nm sample without CoO content, the susceptibility above 100 K obeys the Curie-Weiss law M / H = C / ͑T − ͒ with paramagnetic temperature = −48 K and Co effective paramagnetic moment eff = 2.44 B , where B is the Bohr magneton. Within a simple spin-only picture where eff = g͓S͑S +1͔͒ 1/2 B and g = 2, the value of 2.44 B corresponds to an effective spin of S = 0.82. Regarding a two-level spin system consisting of LS and IS states, this corresponds to 82% occupation of the IS state. This value is larger than that estimated for nonferromagnetic polycrystalline LaCoO 3 films 20 and significantly smaller than that found for epitaxial tensile films, 20 exhibiting a much stronger ferromagnetism than that of our 25 nm particles. Due to the expanded Co-O bonds, the increased population of IS states, as compared to that of the bulk crystals, partially prevents the transition to LS state, and some Co 3+ ions preserve the magnetic IS state down to lowest temperatures, providing the FM ground state. On the other hand, the negative value of paramagnetic tem- FIG. 5 . ͑Color online͒ Temperature dependence of magnetization of LaCoO 3 nanoparticles measured in FC regime at 1 kOe. A rise in magnetization below 280 K is associated with a tiny amount ͑ϳ0.1%͒ of CoO contained in both 30 and 38 nm particle samples. Upper inset shows the change of magnetization below 100 K with the change of the inverse value of particle size, and the lower inset shows a roughly linear increase in the magnetization changes with unit-cell expansion. perature indicates essential contribution from AFM interactions among the Co 3+ species having presumably the HS state. 32 The latter may be responsible for a paramagnetic phase persisting in the sample down to 2 K as evidenced by the lack of saturation of magnetization even in 50 kOe ͑see inset of Fig. 6͒ 20 for tensile films. The value of M s for 25 nm particles, derived from the magnetization hysteresis loop, corresponds to 0.11 B / Co after subtracting the paramagnetic moment, which has been estimated from the linear dependence of M vs H at H Ͼ 20 kOe ͑see inset of Fig. 6͒ . Four times larger value of saturated FM moment ͑0.4 B / Co͒ has been observed for the expanded epitaxial thin films. 20 It is particularly remarkable that the unit-cell expansion ͑with respect to the bulk crystals͒ observed in these films ͑Ϸ2%͒ is also 4 times larger than that found in our 25 nm particles ͑Ϸ0.5%͒ ͓see the above text and Fig. 3͑b͔͒ . This noticeable similarity, demonstrating a linear rise in the FM phase with expansion of LaCoO 3 unit cell irrespectively on the origin of lattice expansion, is of profound interest and strongly suggests that the lattice-expansion-induced ferromagnetism is a universal feature of LaCoO 3 .
Now we compare our magnetic and structural data within a simple two-level LS-IS spin system. Since at the LS to IS spin transition the ionic radius of Co 3+ increases from r LS = 0.545 Å to r IS = 0.56 Å ͑Ref. 3͒, the unit cell volume V increases by 8.5% as well ͓⌬V / V = ͑r IS / r LS ͒ 3 − 1 = 0.085͔. Hence, the expansion of unit cell in LaCoO 3 tensile films 20 by about of 2% may lead to an appearance of Ϸ23% of new magnetic IS states, while the Ϸ0.5% expansion involves about 6% IS states in our 25 nm particles. Regarding fully IS ground state, compatible with the saturated FM moment =2 B / Co ͑ = g B S , g =2,S =1͒, the above estimations correspond to the values of FM moment of 0.46 B / Co and 0.12 B / Co for tensile films and 25 nm particles, respectively, in very good agreement with our experiment and with the data reported by Fuchs et al. 20 This result is an indication of the crucial role of the IS state in the ferromagnetism of LaCoO 3 .
For comparison, considering the alternative LS-HS spin system, the unit cell volume V would increase at the LS to HS spin transition by significantly larger value of 40% ͓⌬V / V = ͑r HS / r LS ͒ 3 − 1 = 0.402; r HS = 0.61 Å ͑Ref. 3͔͒. In this case, the expanded by 2% LaCoO 3 films may contain 5% additional exited HS states only, and in the 0.5% expanded 25 nm particles the number of HS states is expected to increase by 1.2% only. Taking into account that HS ground state corresponds to the saturated FM moment =4 B / Co ͑ = g B S , g =2,S =2͒, the calculated values of FM moment for tensile films and 25 nm particles are 0.2 B / Co and 0.048 B / Co, respectively, that is far from experimental values.
In order to verify further the lattice-expansion-induced ferromagnetism in LaCoO 3 nanoparticles, the magnetization measurements under pressure were performed. According to high compressibility of LaCoO 3 , d ln V / dP =−6·10 −4 kbar −1 , 8,14 the unit cell is expected to contract by about 0.6% at 10 kbar. Nearly the same increase in the unit cell volume is caused by a surface effect in our 25 nm particles. Hence, one can expect that a modest pressure of 10 kbar would produce cardinal changes in magnetic ground state of nanoparticles. On the other hand, an applied pressure is known to induce in LaCoO 3 a transition from magnetic IS state to nonmagnetic LS state by compressing the Co-O bond length. 8 Therefore, we can verify the role of IS state performing magnetic measurements under pressure. Figure 7 presents temperature dependence of FC magnetization of 25 nm particles at 1 kOe and magnetization hysteresis loops at 20 K, taken for various pressures. It is seen in Fig. 7͑a͒ that an applied pressure strongly suppresses the FM phase below 85 K, while T C does not change visibly under pressure. The latter one indicates that the FM order among the IS Co 3+ ions is robust, and it is likely associated with an orbital ordering as will be discussed later on. With increasing pressure, the FM phase dramatically decreases and vanishes almost completely at 10.9 kbar evidenced by the lack of hysteresis in the M vs H curve ͓Fig. 7͑b͔͒, and the observation of a nearly linear dependence of 1 / M vs T, characterizing a paramagnetic state ͓see inset of Fig. 7͑a͔͒ . An effective paramagnetic moment eff = 1.96 B and S = 0.6 deducted at 10.9 kbar are in fairly good agreement with values eff =2 B and S = 0.65 obtained for nonferromagnetic polycrystalline films. 20 The pressure coefficients of magnetic moment and effective spin for Fig. 7͑b͔͒ . In addition, the paramagnetic moment at 20 K is also reduced significantly under pressure as it is demonstrated by the change in the slope of M vs H at high fields, presented in Fig. 7͑b͒ . Pressure effects on both FM and paramagnetic moments are obviously attributed to a decrease in population of the IS state caused by increasing the crystal-field splitting ⌬ cf under pressure. The same mechanism has been found to be responsible for pressureinduced suppression of the FM state and of effective paramagnetic moment ͑d eff / dP ϳ −0.03 B / kbar͒ in hole-doped cobaltites La 1−x M x CoO 3 ͑M =Ca,Sr͒. 33 Very similar behavior of magnetization below 85 K under pressure was observed in both 30 and 32 nm particles shown in Fig. 8 . It is seen that pressure does not change noticeably the magnetic contribution of the small amount of CoO phase contained in these samples. A small hysteresis loop remained in M vs H dependence for 30 nm particles under 10.6 kbar pressure is attributed to CoO contribution.
Thus, pressure experiments clearly show that the FM phase in 25 nm LaCoO 3 particles collapses as a result of the unit cell contraction by closely the same magnitude by which the unit-cell volume of the particles was previously expanded, as a result of surface effect. This unique behavior unequivocally implies that the ferromagnetism in LaCoO 3 is simply controlled by the unit cell volume through the variation of Co-O bond length. Within this scenario, the FM coupled IS Co 3+ ions appear/disappear with expansion/ compression of the lattice and/or Co-O bonds. Now we discuss the nature of FM coupling between the IS Co 3+ species responsible for the ground FM state of LaCoO 3 . Our data suggest that nanoparticles consist of at least two magnetic phases. One of them containing a mixture of LS and IS states is paramagnetic, and other exhibits a ferromagnetic IS-rich cluster phase. It is acceptable that the variable spin state of Co 3+ is an additional source of phase separation in cobaltites. Maris et al. 12 have found that IS states are not uniformly distributed in LaCoO 3 , but there is a phase coexistence of the JT-distorted IS-rich and non-JTdistorted LS-rich regions in the sample. We believe that similar phase separation exhibiting the IS-rich FM nanometric regions embedded in the LS-rich nonferromagnetic matrix takes place in our LaCoO 3 nanoparticles, where the expansion of Co-O bond plays role of doping of the exited IS states. Larger expansion induces additional magnetic IS states. The fraction of the FM IS cluster phase enlarges with lattice expansion and diminishes with pressure-induced compression of the lattice.
The ferromagnetic coupling between magnetic IS states originated from orbital ordering in bulk LaCoO 3 was first suggested by Korotin et al. 6 and supported also by polarized neutron measurements by Asai et al. 34 These ferromagnetic couplings disappear however at low temperatures because of missing the IS states. In contrast, in the expanded lattice of LaCoO 3 the latter may persist. A possible analogy between LaCoO 3 and LaMnO 3 for specific JT orbital ordering giving rise the ferromagnetic interaction has been discussed by Maris et al. 12 and by Fuchs et al. 20 Such an orbital order involving the alternating short and long Mn-O bonds within the ab plane, due to the strong cooperative JT distortion of Mn 3+ , leads in LaMnO 3 to an A-type AFM ordering below 140 K. 15 Solovyev et al. 15 have shown that the degree of JT distortion in LaMnO 3 measured by the parameter R = l / s = 1.13 ͑here, l and s are the long and the short Mn-O bond lengths in the MnO 6 octahedron͒ determines the sign of interplane exchange coupling J c between the FM ab planes. Namely, when the parameter R becomes smaller than 1.07, the transition from AFM to FM ground state occurs. This scenario has been confirmed experimentally controlling the JT reduction in LaMnO 3 by hole-doping 35 and pressure 36 effects. Similar to LaMnO 3 , LaCoO 3 exhibits an orbital ordering of IS Co 3+ ions, which is much weaker, being characterized by R = l / s = 1.06 in accordance to data given by Maris et al., 12 l = 1.993͑8͒ Å and s = 1.874͑7͒ Å. Hence, it is natural to expect that the orbital ordering of such degree would give rise to FM coupling between IS Co 3+ in LaCoO 3 . It is essential that the IS states should persist at low temperatures. This condition is fulfilled in expanded lattice of LaCoO 3 nanoparticles and tensile films. 20 According to Maris et al., 12 the cooperative JT distortion diminishes with lowering temperature to value R = 1.0008 at 90 K, due to the IS to LS transition. This means that the JT distortion and corresponding e g orbital ordering disappear at low temperatures in bulk IS states, the reduced value of crystal-field splitting e g − t 2g partly prevents the IS to LS spin transition; therefore, some number of the IS states may survive at low temperatures.
Additional evidence for the FM order governed by robust orbital ordering in LaCoO 3 is attributed to the fact that the various samples prepared in different way ͑single crystal powders, 18 nanoparticles, 19, 28, 29 and thin films 20 ͒ show almost the same value of T C Ϸ 85 K despite the drastically different content of FM phase. Moreover, similarly to LaMnO 3 , the LaCoO 3 exhibits a rather weak dependence of T C on pressure despite the strong suppression of the FM phase volume.
As pointed in the Introduction, the strong evidence against the previously suggested surface ferromagnetism 18, 19 in LaCoO 3 has been obtained by Fuchs et al. 20 They found for tensile thin LaCoO 3 films with T C = 85 K two very important features: ͑i͒ the saturated ferromagnetic moment of the film at 5 K increases linearly with increasing film thickness; hence, it increases with decreasing the surface/volume ratio; ͑ii͒ the spontaneous magnetization M s does not change with changes in the surface/volume ratio. Our results, providing a link between the magnetic and structural properties of nanosized LaCoO 3 , may eliminate the seeming contradiction between data obtained for nanoparticles and thin films. Nevertheless, we do not refute the possible scenario of surface FM in LaCoO 3 nanoparticles. Instead, we propose alternative model of expansion-induced ferromagnetism, based on the found correlation between the cell volume ͑and/or Co-O bond length͒ and fraction of FM phase, which is able to explain the ferromagnetism occurred in both different systems, intrinsically expanded LaCoO 3 particles, and artificially expanded thing films.
We may conclude that our experimental studies and the conditional model we propose do not support the surface ferromagnetism in LaCoO 3 nanoparticles. However, we realize that studies performed with a set of nanoparticles with larger range of the radiuses are necessary for firm conclusions.
IV. CONCLUSIONS
Magnetic and structural properties of nanocrystalline LaCoO 3 with particle size ranging from 25 to 38 nm, prepared by citrate method, were investigated. The pressure effect on magnetic spin system has been studied as well. All nanoparticles exhibited a size-dependent ferromagnetism below T C Ϸ 85 K. It was found that with decreasing particle size, the unit cell expands substantially due to surface effects, and the FM moment increases simultaneously with lattice expansion, while T C remains nearly unchanged. Moreover, the FM moment of LaCoO 3 nanoparticles was found to be proportional to the magnitude of unit-cell expansion, in good agreement with the data obtained for artificially expanded thin films. 20 Contrary to the downsizing effect, an applied pressure suppresses dramatically the volume of FM phase leading to its full collapse at 10 kbar, whereas T C does not change under pressure. It appears that the FM phase collapses in 25 nm particles as a result of pressure-induced contraction of unit cell by the same value of which the unit cell was intrinsically expanded. The unique behavior strongly suggests that the ferromagnetism in LaCoO 3 is controlled by unit-cell volume through a variation of Co-O bond length. Within this scenario, the FM coupled IS Co 3+ states appear/ disappear with expansion/compression of the lattice and/or Co-O bonds. An origin of the FM coupling in LaCoO 3 is likely related to the orbital ordering of JT active IS Co 3+ species, which may persist in the expanded lattice at low temperatures.
